Abstract-The functionality or survival of tissue engineering constructs depends on the adequate vascularization through oxygen transport and metabolic waste removal at the core. This study reports the presence of magnesium and silicon in direct three dimensional printed (3DP) tricalcium phosphate (TCP) scaffolds promotes in vivo osteogenesis and angiogenesis when tested in rat distal femoral defect model. Scaffolds with three different interconnected macro pore sizes were fabricated using direct three dimensional printing. In vitro ion release in phosphate buffer for 30 days showed sustained Mg 2+ and Si 4+ release from these scaffolds. Histolomorphology and histomorphometric analysis from the histology tissue sections revealed a significantly higher bone formation, between 14 and 20% for 4-16 weeks, and blood vessel formation, between 3 and 6% for 4-12 weeks, due to the presence of magnesium and silicon in TCP scaffolds compared to bare TCP scaffolds. The presence of magnesium in these 3DP TCP scaffolds also caused delayed TRAP activity. These results show that magnesium and silicon incorporated 3DP TCP scaffolds with multiscale porosity have huge potential for bone tissue repair and regeneration.
INTRODUCTION
Calcium phosphate (CaP) biomaterials are widely used in many clinical applications because of their compositional similarities to bone mineral, excellent biocompatibility, bioactivity and non-immunogenicity. 4, 6, 15, 28, 40, 49 CaPs also offer the advantage of being custom manufactured with respect to the patient and target application based on the computed tomography (CT) scan of the fracture or wounded site. Tricalcium phosphate [TCP, b-Ca 3 (PO4) 2 ] is one of the most attractive bioceramics among other CaPs in bone tissue engineering since it shows an excellent biocompatibility, osteoconductivity, and resorbability. 7, 49 The resorption properties of TCP make it degrade over time and replaced by host tissue.
Many trace elements such as Mg 2+ , Si 4+ , Sr 2+ , Zn 2+ and Na + are also present in the bone mineral. 1, 2, 12, 26, 32 In many cases, cation substituted CaPs demonstrated high mechanical properties and improved biological responses as well. Cation substitution in CaPs can introduce changes in their crystallinity, microstucture and solubility. These physicochemical properties changes in CaPs bioceramics influence their mechano-biological behavior significantly. We have shown in our previous works that TCP with tunable mechanical properties can be achieved without compromising the inherent biocompatibility of TCP by appropriate cation substitution at the optimum concentration. 2, 7, 11, 44, 45 Magnesium plays a vital role in human physiology through its action as a cofactor in numerous enzymatic reactions. It stabilizes structure of proteins, nucleic acids, modulates signal transduction, and cell proliferation. 48, 53 Low dietary Mg 2+ intake showed that this cation has an effect on bone and mineral metabolism. 43 Silicon (Si 4+ ) is present in connective tissues and bone. 22 Silicon is involved in early stage bone formation through the synthesis and/or structural stabilization of collagen. 9, 39 The role of silicon in bone formation has been demonstrated by its association between dietary intake and higher bone mineral density. 24 Angiogenesis or new blood vessel formation is required for any tissue-engineered constructs to be functional. Survival of any tissue is dependent on the nutrient and oxygen supply from blood vessels. 41 Vascular ingrowth from the host tissue to the implanted compact tissue construct is very superficial. As a result, the core of the tissue-engineered construct is deprived of proper nutrient and oxygen supply, which results in the ultimate failure of the implant. Tissue engineering scaffolds with interconnected pores and multiscale porosity supports oxygen and nutrient supply to the core of the scaffold, and thus helping adequate vascularization. 20, 25, 46 Moreover, these type of tissue engineering scaffolds provide better mechanical interlocking between scaffold and host tissue through tissue ingrowth into interconnected macro pores. 37, 38, 47 Fabrication of CaP scaffolds with complex architectural feature is quite challenging by conventional methods due to lack of precise control over pore size, distribution, interconnectivity, and volume fraction porosity. 10, [49] [50] [51] Our earlier work with 0.5 wt% SiO 2 and 0.25 wt% ZnO doped 3DP TCP scaffolds investigated both in vitro 12 and in vivo 13 performance of these scaffolds on osteoblasts cells and in a rat distal femoral defect model, respectively. Our in vivo work with 1 wt. % SrO and 1 wt% MgO doped 3DP TCP scaffolds showed very promising induced bone formation caused by the presence of these dopants in TCP scaffolds in both rat 50 and rabbit 51 models. The substantial evidence from literature and from our own work on the positive effect of Mg 2+ and Si 4+ on both osteogenesis and angiogenesis led us examine the effect of the coexistence of magnesium (Mg 2+ ) and silicon (Si 4+ ) in 3DP interconnected macro porous TCP scaffolds on the mechanical strength, and in vivo osteogenesis and angiogenesis. In addition to the effect on osteogenesis, we examined the role of these dopants on in vivo new blood vessel formation in the newly formed bone within the 3DP TCP scaffolds. None of our earlier studies examined the effect of the coexistence of Mg 2+ and Si 4+ on in vivo osteogenesis and angiogenesis. We report here the influence of multiscale porosity, and the coexistence of Mg 2+ and Si 4+ on in vivo angiogenic bone regeneration in a rat distal femoral defect model for 4, 8, 12, 16 and 20 weeks.
MATERIALS AND METHODS

Scaffold Fabrication
Commercial grade b-TCP (purchased from Berkeley Advanced Biomaterials Inc., Berkeley, CA; 550 nm average particle size) was used to fabricate the pure and 0.5 wt% MgO and 0.5 wt% SiO 2 doped TCP scaffolds. MgO (0.5 wt%) and SiO 2 (0.5 wt%) percentages were chosen based on our earlier works to introduce enhanced mechanical and biological properties in the 3D printed TCP scaffolds. 7, 11, 12, 50 Powder mixing and dryning were carried out following our previously reported procedure. 7 All scaffolds were ccylindrical in shape and had 3D interconnected square-shaped macropores. Three different pore sizes (500, 750 and 1000 mm) for mechanical strength analysis, and only one pore size (350 lm) for in vivo implantation were fabricated using a 3D printer (ProMetal Ò , ExOne LLC, Irwin, PA, USA). The dimension of scaffolds for mechanical testing and in vivo implantation were 7 mm (dia) 9 10.5 mm (height) and 3.4 mm (dia) 9 5.2 mm (height), respectively. Figure 1a presents a 3D printing process schematic. The 3DP process description can be found in the supporting information.
Microstructure, Phase, Pore Size, Porosity, and Mechanical Strength Analysis X-ray diffraction (XRD) patterns were used for phase analysis of the sintered scaffolds. Volume fraction porosity was determined from the apparent and the bulk densities. Scanning electron microscope (SEM) images were used for pore size measurement and surface morphologies of sintered scaffolds. Compressive strength of the scaffolds was determined using a screw-driven universal testing machine (AG-IS, Shimadzu, Tokyo, Japan) with a constant crosshead speed of 0.33 mm/min (n = 10 for each composition).
Surgery and Implantation Procedure
Rat bone defect is an excellent model to be used for proof-of-concept study in a laboratory set up, which is widely reported in literature for fair assessment of bone biology and remodeling during fracture healing. A total 20 male rats (Sprague-Dawley rats with average body weight of 300 g were purchased from Simonsen Laboratories, Gilroy, CA, USA), four rats (n = 4, chosen randomly) at each time points, were used. Following acclimatization, all rats received a control implant in the right and a doped implant in the left distal femur through a 3 mm diameter cortical defect surgery using a 3 mm drill bit. The rats had free access to food and water in a temperature and humidity controlled room with 12-h cycles of light and dark, and two rats were housed together in one cage. IsoFlo Ò (isoflurane, USP, Abbott Laboratories, North Chicago, IL, USA) coupled with an oxygen (Oxygen USP, A-L Compressed Gasses Inc., Spokane, WA, USA) regulator were used to anesthetize the rats. Rats were euthanized at predetermined time points by halothane overdose followed by 70% potassium chloride intracardiac injection. Animal experimental protocol was approved by the Washington State University Institutional Animal Care and Use Committee (IACUC).
Histomorphology
A 10% buffered formalin solution was used for 72 h as fixative to fix the bone-scaffold specimens. The formaline fixed specimens were then processed further for either undecalcified or decalcified tissue sections preparation.
Hematoxylin and Eosin (H&E) Staining
Decalcification was carried out by keeping the formaline fixed bone-implant specimens in 14% ethylenediaminetetraacetic acid (EDTA). Once decalcification was completete, samples were dehydrated, embedded in paraffin, and cut into thin tissue sections (5 to 10 lm thick) using a microtome. These tissue sections were deparaffined, hydrated and stained using hematoxylin and eosin (H&E).
Tartrate Resistant Acis Phosphatase (TRAP) Staining
A previously published procedure 19 was followed for TRAP staining. Briefly, deparaffined tissue sections were incubated for 30 min at 37°C in preheated sodium acetate buffer of pH 4.9 with naphthal AS-BI phosphate (Sigma). The slides were then incubated for 5 min at room temperature in a filtered pararosanilline and sodium nitrate. Finally, the slides were rinsed with distilled water, counterstained for 30 s in hematoxylin, dehydrated, and mounted.
Blood Vessel Staining von Willebrand Factor (vWF) is an endothelial cell markers for angiogenesis. Thus, vWF labeled cells would detect angiogenesis. Deparaffinized histology slides were stained for vWF using a blood vessel staining kit (ECM590, Millipore, MA, USA) per the manufacturer's instructions. Rabbit anti-vWF polyclonal antibody supplied in the kit was used as the primary anibody. Aantigen retrieval was carried out by heating the slides in a vegetable steamer for 20 min in sodium citrate buffer (10 mM Sodium Citrate, 0.05% Tween 20, pH 6.0) was used. Stained tissue sections were counterstained by hematoxylin followed by dehydration.
Histomorphometric Analysis
H&E, TRAP, and vWF stained tissue sections were used for new bone area (bone area/area of the entire tissue section, %), TRAP activity (TRAP positive area/ area of the entire tissue section, %), and blood vessel area (blood vessel area/total area, %) analysis, respectively. A freely available software (Image J, National Institute of Health) was used for this purpose. Bone area and TRAP activity were measured from 800 lm width and 800 lm height tissue sections (n = 8), whereas blood vessel area was measured from 200 lm width and 200 lm height tissue sections (n = 8).
Mg
2+ and Si 4+ Ions Release
To investigate the ion Mg 2+ and Si 4+ ions release behavior from Mg-Si doped 3DP TCP scaffolds, samples were immeresed into pH 7.4 phosphate buffer saline and kept at 37°C for 30 days under 150 RPM. Buffer media was changed at specific time intervals. Buffer solution was replaced at each time point with fresh solution. Analysis of Mg 2+ and Si 4+ ions concentration in the release media was carried out using a Shimadzu AA-6800 atomic absorption spectrophotometer (AAS) (Shimadzu, Kyoto, Japan).
Data are presented as mean ± standard deviation where appropriate. Statistical analysis was performed using student's t test on bone area, blood vessel area and TRAP activity. A p value <0.05 was considered significant.
RESULTS
Phase, Microstructure, Porosity and Mechanical Properties
Figure 1b shows sintered 0.5 wt% MgO and 0.5 wt% SiO 2 doped TCP scaffolds, and Fig. 1c presents the XRD spectra of the scaffolds along with the as received TCP powder for comparison purpose. Peaks for both b-TCP (JCPDS # 09-0169) and a-TCP (JCPDS # 09-0348) were observed in sintered pure TCP scaffolds. The occurrence of some a-TCP peaks were due to high temperature phase transformation from b to a. Any b to a phase transformation was not observed in MgO-SiO 2 doped TCP. Large number of intrinsic and residual micro pores (20 lm or less in size) were seen on the both pure and doped scaffold struts as can be viewed from the surface morphology as presented in Fig. 2 . A comparison between designed and sintered pore size and porosity is presented in Table 1 . Sintered pore size was always smaller than the designed pore size due to the high temperature densification process during sintering. A higher total porosity was always exhibited by the sintered scaffolds compared to designed porosity because of the intrinsic and residual micro pores. Size of the pores has a significant role on vascularization and tissue in-growth into the tissue engineering constructs. Although the suggested minimum effective pore size for bone tissue formation through adequate transport of oxygen and nutrients for the survivability of the cells is 100 lm, 18, 42 interconnected macro pores between 200 and 350 lm are highly recommended for successful vascularized tissue formation. 33 Therefore, we designed scaffolds with 350 lm interconnected macro pores for in vivo implantation, which resulted in 268 ± 9.8 and 311 ± 5.9 lm 49 for doped and pure TCP scaffolds, respectively. The schematic of the defect model is presented in Fig. S1 (provided in the Supporting Information). Induced bone formation by pure and Mg-Si doped TCP was observed by H&E staining as presented in Fig. 3a for 16 and 20 weeks, where newly formed bone can be seen inside the micro and macro pores. Early time points (4, 8 and12 weeks) H&E stained tissue sections can be seen in the Figure S2 . Acellular zones in the figure are resulted from the demineralization process. Figure 3b shows quantification of new bone formation through histomorphometric analysis of new bone area calculated from H&E stained tissue sec- tions. Figure 3b exhibits that MgO and SiO 2 induced increased new bone formation as compared to pure TCP, between 14 and 20%, at early time points for 4 to 16 weeks. Although the difference between pure and doped scaffolds was low at 20 weeks,~5% higher in doped TCP, but it was significant. Figure S3 shows the positive activity of TRAP positive cells at each time point inside all pure and doped TCP scaffolds suggesting bone resorbing osteoclasts activity. 
DISCUSSION
The three dimensional printing (3DP) offers a great advantage of direct scaffold fabrication from bioceramic powder with the ability of making patientspecific bone graft substitutes from computed tomography data. 5 In our earlier studies, we examined the effect of binary doping on in vivo osteogenesis and angiogenesis in rat 13, 50 and rabbit 51 models: (i) 1 wt% SrO & 1 wt% MgO 50,51 and (ii) 0.5 wt% SiO2 & 0.25 wt% ZnO 13 doped 3DP TCP scaffold. Multiscale porosity is a great feature of these scaffolds, which is exhibited by the presence of intrinsic micro pores along with the designed macro pores as shown in Fig. 2 . These intrinsic micro pores are the reason for the difference between designed and sintered porosity (as presented in Table 1 ). The absence of any compaction process during 3DP direct scaffold fabrication resulted in the existence of these intrinsic micro pores. 49 Tissue engineering scaffolds having multiscale porosity along with a 3D interconnected microenvironment facilitate increased overall performance through enhanced osteoconduction and osseointegration. 16, 17, 29 Microstructure, phase stability, mechanical properties, and strength degradation kinetics of b-TCP are greatly influenced by the dopants. Stable b-TCP can be obtained at temperatures up to 1125°C, whereas the stable a-TCP phase beyond 1125°C maintains its stablity up to 1430°C. 35 The b-TCP resulted in around 25% a-TCP and 75% b-TCP, when sintered at 1250°C for 2 h. 49 The disappearance of a-TCP phase in MgO-SiO 2 -TCP scaffolds at 1250°C sintering temperature indicates b phase stabilization due to Mg 2+ addition, which is in line with our other reported results. 2, 7, 49 Replacement of Ca 2+ (ionic radius 0.99 Å ) by Mg 2+ (ionic radius 0.69 Å ) results in a reduced unit cell of the b-TCP lattice. Si 4+ (ionic radius 2.71 Å ) is substituted for P 5+ (ionic radius 1.28 Å ) instead of Ca 2+ in the crystal lattice of TCP. The additional stability of the crystal lattice caused by the presence of Mg 2+ ions retards dissolution of CaP, while Si 4+ substitution for P 5+ introduces crystal defect in the lattice and causes an increase in the solubility of TCP. 7, 36 This defect caused by Si 4+ substitution might have also led some SiO 2 or silicon substituted CaP reach area in the grain boundary region, 7,14 which explains higher Si 4+ ions release observed in this study. However, the co-existence of Mg 2+ and Si 4+ in TCP minimizes the effects caused by each other to some extent, thus the strength of the Mg-Si-TCP scaffolds remained similar as that of pure TCP scaffolds.
MgO-SiO 2 doping in TCP clearly indicates their effect on early wound healing through accelerated new bone tissue formation as shown in Fig. 3a . Interconnected multiscale porosity facilitated the osteoprogenitor cells penetration resulting in new bone formation in these TCP scaffolds. Osteogenic tissue scaffolds facilitate osteoprogenitor cells recruitment to the injury or wounded site. Increased new bone formation, between 14 and 20% for 4 to 16 weeks and~5% at 20 weeks, was observed over time in MgSi-TCP compared to its pure counterpart. This can be interpreted that Mg 2+ and Si 4+ when added in TCP might have facilitated the recruitment of osteoprogenitor cells resulting in accelerated bone formation, which was further substantiated by the significant difference in new bone area between doped and pure TCP as presented by the quantitative histomorphometric analysis in Fig. 3b . Our earlier studies showed that the presence of magnesium in CaP bioceramics can induce increased cellular adhesion, proliferation and alkaline phosphatase (ALP) production by osteoblasts cells. 1, 54 Magnesium doped CaPs showed enhanced osteogenesis by inducing bone formation in both animal (rabbit) and human, respectively. 3, 8, 27 Silicon (Si 4+ ) has been shown to have stimulatory effect on proliferation and osteogenic differentiation and mineralization of both osteoblast-like bone forming cells and mesenchymal stem cells. 3, 21, 39 Si 4+ is known to have a vital role in the synthesis and/or stabilization of collagen, which is believed to cause early stage bone regeneration by silicon. 23, 39 Bone resorbing osteoclast cells secrete TRAP as the principal acid during bone resorption. 52 Both pure and doped scaffolds showed TRAP positive cells activity by TRAP staining of the decalcified tissue sections (Fig. S3) . The maximum TRAP activity was observed at 4 weeks for pure, and the minimum at 20 weeks for both pure and doped TCP (Fig. 4) . In a different study, we have shown that the presence of Mg 2+ in TCP slows down the osteoclasts mediated resorption process. 42 Bone resorption by osteoclasts and new bone synthesis by osteoblasts is a dynamic process of bone remodeling. Thus, the balance between these resorption and formation was catalyzed by the presence of Mg 2+ in doped scaffolds resulted in increased bone formation.
vWF (Von Willebrand factor) is a protein that is present in the basement membranes of blood vessel. 34 Therefore, vWF positive signals in the newly formed bone tissue inside the scaffold indicate new blood vessels formation, a process known as angiogenesis. Having interconnected pores in tissue engineering scaffolds facilitates nutrient and metabolic waste transport at the scaffold core, which is vital for successful regeneration of vascularized tissue. 20, 46, 49 Notable blood vessel formation in both pure and doped TCP (Fig. 5) is caused by the presence of multiscale porosity. Histomorphometric analysis (Fig. 6a) revealed the presence of Mg 2+ and Si 4+ in TCP induced significantly higher blood vessel area formation at early time points, between 3 and 6% higher, compared to pure TCP. It has been shown that silicon (Si 4+ ) can facilitate increased blood vessel formation through induced VEFG expression, which upregulates nitric oxide synthase and nitric oxide production in human endothelial cells. 3, 30 The role of magnesium (Mg 2+ ) in angiogenesis is believed to be caused by nitric oxide production in endothelial cells. 3, 31 In vitro continued release of Mg 2+ and Si 4+ from the doped scaffolds (Figs. 6b and 6c ) further shows the possibility of the presence of these ions in the in vivo microenvironment to exert their positive effects on both osteogenesis and angiogenesis. Figure 
CONCLUSION
The incorporation of magnesium and silicon in 3DP TCP scaffolds did not show any adverse effect on the mechanical strength. The presence of these trace elements in TCP was beneficial for early wound healing, which was observed by accelerated bone formation. Delayed TRAP activity was observed in magnesium and silicon incorporated TCP scaffolds due to the presence of Mg 2+ . Pore interconnectivity and multiscale porosity in these 3DP TCP scaffolds facilitated angiogenesis. However, significantly increased blood vessel formation was observed when these trace elements, magnesium and silicon, were incorporated in TCP compared to its pure counterpart. Thus, interconnected macro porous 3DP TCP scaffolds with magnesium and silicon could be excellent candidates for early wound healing and tissue regeneration applications in bone tissue engineering.
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